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Abstract DNA cytosine methylation is one of the most important epigenetic marks. To date a great number of
software tools have been developed to detect, visualize or quantify DNA cytosine methylation data obtained
from chemical treatment or enzyme converted genomic sequences and microarray data. However, there exist no
software tools specifically identifying potential DNA cytosine methylation marks (CpG, CpHpG, and CpHpH)
in promoters and gene bodies. Here we report several algorithms embedded in a novel software tool, EpiOne, to
identify and locate potential cytosine methylation marks in annotated genomic DNA sequences. Algorithms also
could be used to extract DNA sequences into promoter, exon, intron and UTR sequences. Algorithms of the
EpiOne could be used to investigate relationships between some gene properties such as gene, exon, intron
lengths and potential cytosine methylation marks and gene expression. Furthermore algorithms identify
candidate genomic regions for primer binding sites or target sequences to be used in bisulfite sequencing
studies, which is the gold standard in epigenetic research.
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Introduction

First coined by Conrad Hal Waddington in the middle of 20th century and referred to “changes in the state of
cell differentiation during development, and the way in which cell fates become restricted as development
proceeds” [1], epigenetics literally means “on top of” or “in addition” to genetics. It is the study of meiotically
and mitotically heritable variations in gene expression differences that are not controlled by changes in DNA
sequence [2]. Gene expression variation caused by epigenetics includes chromatin structure and packaging, gene
expression, genomic imprinting and recombination [3-6]. Epigenetic instability in human causes cancers and
some other diseases including hepatic cancer, gastric cancer, colorectal cancer, prostate cancer [7-11].
Epigenetic instability in plants causes stunting, abnormal leaf and flower, decreased apical dominance and
reduced fertility [12-15].

Epigenetic variation occurs in histones (methylation, phosphorylation, acetylation etc,), DNA (5-
methylcytosine, 5-hydroxymethylcytosine) and RNA (N°-methyladenosine and N°-hydroxymethyladenosine
[16,17]. Among the epigenetic modifications, DNA methylation was the first discovered epigenetic mark. DNA
cytosine methylation involves the addition of a methyl group to the carbon-5 position of cytosine residues in the
CpG, CpHpG or CpHpH contexts (where H refers As, Ts, or Cs) of pluripotent mammalian cells and plant cells.
DNA methyltransferases (DNMTS) are enzymes responsible for DNA cytosine methylation. Several DNMTS
are currently known, each with distinct roles. Some DNMTS involve in the establishment of DNA methylation
patterns on unmethylated DNA acting as de novo methyltransferases. Some other DNMTS maintain DNA
methylation patterns, acting preferentially on hemi-methylated DNA [18].

It is well know that the addition of a methyl group to cytosine induces or reduces gene expressions in animal
and plant genomes. For instance, methyl addition can prevent the binding of factors to the DNA that promotes
transcriptional activity. Similarly methyl addition can induce gene expression by preventing the binding of
insulators to DNA allowing induced gene activity. In short, methylation may causes cis, trans, and chromatin
level changes and results in differential expression of a number of genes [16,19].

The technology to identify and locate DNA cytosine methylation has a steady progress in the last 3 decades.
Methods determining DNA cytosine methylation can be divided into 3 main categories; global, genome-wide
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and gene-specific DNA cytosine methylation. Global methylation methods determine total DNA cytosine
methylation in a genome by utilization of some restriction enzymes, single-nucleotide extension with
polymerase chain reaction (PCR), mobility and melting property assays. High-performance liquid
chromatography, high-performance capillary electrophoresis, methylation-sensitive single-strand conformation
analysis, high resolution melting analysis, methylation-sensitive single-nucleotide primer extension, mass
spectrometry and methylation-specific digital karyotyping provide global methylation analysis [15,16,19-22].
Genome-wide methylation methods assess locus-specific DNA cytosine methylation on a genome-wide scale.
Methods include restriction landmark genomic scanning, ligation-mediated polymerase chain reaction,
methylated CpG island recovery assay, differential methylation hybridization, amplification of inter-methylated
sites, Hpall tiny fragments enrichment by ligation-mediated PCR, reduced representation bisulfite sequencing,
single-molecule, real time sequencing, methylated DNA immunoprecipitation (MeDIP), microarray chip
hybridization (MeDIP-Chip) and methylated DNA immunoprecipitation followed by sequencing (MeDIP-Seq)
[16,19,23, 24].

Gene-specific (locus-specific) methods determine DNA methylation patterns of specific genes or gene regions
such as gen bodies and promoters. Methods include PCR amplification of DNA material digested with
restriction enzymes differentially sensitive to CpG DNA methylation, Southern blot detection of genomic
regions from DNA material digested with restriction enzymes, methylation-specific PCR (MSP), methyl light or
quantitative analysis of methylated alleles, melting curve analysis, combined bisulfite restriction analysis, digital
bisulfite sequencing, bisulfite sequencing and pyrosequencing [16,19].

To date a great number of software tools have been developed to detect, visualize or quantify DNA cytosine
methylation data obtained from above mentioned DNA methylation methods [16,19,25,26]. There is limited
number of software specifically identifying potential cytosine methylation marks (CpG, CpHpG or CpHpH) in
regulator regions such as enhancers, promoters, insulators, silencers and locus control regions, and gene body
regions such as upstream and downstream regions (untranslated terminal regions UTRS), transcription start site
(TSS), coding exons or introns, transcription termination sites (TTSs).

The rate and pattern of cytosine DNA methylation differ strongly among organisms, tissues and development
stages within an organism. Identification of DNA cytosine methylation density and distribution in gene bodies
and regulatory sequences will provide us further information about the epigenetic regulation in organisms. Here
we report novel algorithms and a software tool EpiOne to identify and locate potential cytosine methylation
marks (CpG, CpHpG or CpHpH) in genomic DNA sequences. Algorithms will be useful to extract promoter,
exon, intron and UTR sequences useful in epigenetic studies.

Materials and Methods

In order to explain various terminologies we used in the software, we use an example sequence, given by S=
atctcccgtaccccgagcett. Let the length of the sequence S be denoted by Ls. L is DNA sequence formatted in a
GenBank format. L consists of an annotation section and a sequence section. The annotation section start site is
marked by a line “locus” and the sequence start section is marked by a line "origin™ and the end of the section is
marked by a line "//" [27]. S(n) is used to represent the n-th base of the sequence S. For example, S(0) = ‘a’ and
S(1) = ‘t’ in the above given DNA sequence. Algorithms recognizing these marks have been published in [28].
Algorithms

In order to increase the efficiency of algorithms, EpiOne software tool utilizes two types of memories, the main
memory, which is fast but costly and scarce, and the secondary memory, which is slow but cheap and abundant.
Algorithms adjusted the two types of memories so that the tool EpiOne has an optimal balance between its
speed and its main memory requirements.

Two main algorithms are introduced under the processing options for identification of CpG, CpHpG and
CpHpH (where H=A, T or C) methylation marks in promoters, introns, exons, 3'-UTRs and 5'-UTRs. In the first
type algorithm, EpiOne locates potantiel methylation marks CpG, CpHpG and CpHpH individually or
altogether. In this type of serach, potantial metylation marks CpHpG and CpHpH present in the vicinity of
dinucleotide CpG are ignored and when H is G CpHpG and CpHpH are reported as CpG. For instance, in a
DNA sequence of ATTCCCGTACCCCGAGCTT, CGT string is reported as CpG, not as CpHpH. The second
type of serach can be made by selecting the independent search option. In this serach type, each of the potential
cytosine methylation mark CpG, CpHpG and CpHpH is located individually.

Algorithms under the promoters & gene body options enable the user to specifically study or collect promoter or
any gene bodies indivudually. Algorithms in processing options determine the the type of analysis required by
the user. For instance when extract gene elements option is selected, the software will write individual fasta-
formated files, each of which consists of promoter, intron, exon, 3'-UTR or 5-UTR sequences. This algorithm
enables users to extract and save promoters, introns, exons 5'-UTR and 3'-UTR DNA sequences into different
files to be used in other studies. When extract gene elements option is not selected, the software will not
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generate fasta-formated files but will produce reports for methylation status of promoter, intron, exon, 3'-UTR
or 5-UTR sequences. In the processing options there is progress only sequences with gene elements option.
When this option is selected the EpiOne software will analyze all the genomic DNA sequences without mining
promoters or gene bodies. With this option, user can study genomic DNA sequences that are not annotated.
Algorithms recognizing promoters, introns, exons and UTRs have been published in [29].

Programing and availibility

Programing language of EpiOne is C and is written in standard C++. EpiOne is freely available upon request
from mkaraca@akdeniz.edu.tr.

Results

EpiOne does not require network connection to function. EpiOne and EpiHelp are compressed in a single zip
file and it is ready to be used upon unzipping the file. EpiHelp document contains most of the information given
in this manuscript along with some other useful information. It is a standalone software and it can be
successfully run in today’s any personal computer. EpiOne has main interface (Figure 1) and one option
interface (Figure 2).
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Figure 1: Analysis windows of EpiOne software
In EpiOne option interface there are 3 main options, processing, islet and promoter & gene body options (Figure
2). Processing options can be used to determine potential DNA cytosine methylation distribution and frequency
on promoters and gene bodies or extraction of promoters and gene bodies in fasta-formated files to be used in
other studies.
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EpiOne composes of two algorithms for identification of potential DNA cytosine methylation marks. The first
one is a search with the selected options through genomic sequences to find potential cytosine methylation
marks CpG, CpHpG and CpHpH in genomic DNA sequences. Cytosines in CpG, CpHpG and CpHpH are
substrates for DNA methyltransferases [16,18,19].

Under the islet options we introduced another algorithm to detect any cytosine in the promoters and gene bodies
of genomic DNA sequences. Conventional algorithms detect cytosine methylation in CpG marks because it is a
widespread modification in plant and animal genomes. Many studies reported that CoHpG and CpHpH cytosine
marks are also methylated in certain tissues in animal and many plant cells [9,11,15,16]. Therefore EpiOne
could be used in any organism’s genomic DNA sequences for identification of potential methylation marks.
EpiOne software has popup windows appearing during the analysis informing the progressed sample file names
and DNA sequence numbers. Upon completion of the analysis, another popup window with the message "see
result folder" appears. Upon completion of the analysis EpiOne software creates a folder in the output folder
called as per analysis date. For example a folder named 20150120140850 means that analysis was performed in
2015, 20th January, 14:08:50 o'clock. Depending on the option implemented and the data used, the number of
file created by EpiOne software differs. For instance when the default options are used there will be nine files, 5
of which are fasta-formated files created by the software. Generated fasta-formated files include promoter,
intron, exon, 5-UTR and 3'-UTR sequences. In these files, the first line contains information about the
organism, GenBank identification number, item no (for example intron or exon number), length and the start
and stop position number of the sequence [27].

In the results folder along with the fasta-formated files, there are also summary, islets, error and implemented
option report files (Figure 3). Summary file in the result folder can be viewed with excel or other spreadsheet
software tools. This file basically summarizes the number of intron, exon, promoter, 5'-UTR sequences and 3'-
UTR identified in genomic DNA sequences. This file enables users to compare different genes from the same or
different organisms in terms of their intron and exon numbers and the characterized UTR regions.

FASTA FASTA FASTA

EpiOne_3UTR.txt EpiOne_SUTR.txt EpiOne_Exon.txt

FASTA FASTA

EpiOne_Intron.txt EpiOne_Promoter EpiOne_Summary
Ixt Axt

TEXT TEXT
Error_Report.txt Islets_Report.txt Options_Impleme
nted.txt

Figure 3: Result folder of EpiOne software
Information about potential methylation information for CpG, CpHpG and CpHpH marks is given in islet report
files which can be viewed with excel or other spreadsheet software. Islet report files contain information in nine
colons (Figure 4). The first colon comprises information for gene bodies and promoters along with the whole
sequence and source gathered from GenBank sequences. The second colon provides information on the number
of promoters, 5’-UTRs, exons, introns and 3°-UTRs identified from the genomic DNA sequences. The third
colon shows the start and stop of the nucleotide sequence positions while the fourth colon shows the lengths of
the gene elements as whole sequence, source, promoter, 5’-UTR, exon, intron, 3’-UTR. The fifth, sixth and
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seventh colons show the number of CpG, CpHpG and CpHpH marks identified in the genomic sequences. The
eighth colon shows the name of organisms from which the sequences originate. The last colon shows the Gl
(Genlnfo Identifier) for whole sequence, source, promoter, 5°-UTR, exon, intron and 3’-UTR regions. Since the
islet report file can be viewed by excel or other spreadsheet software, potential methylation marks for any
organisms and any gene bodies or promoters could be easily grouped for further analysis (Figure 4).

@

A B C D E F G H I 'l

1 EpiOne Record No:1 |Number Length Gene Element Length CG CHG CHH Capsicum annuum 698173565| L
2 |Whole Sequence (1-2013) 2013 31 35 148 698173565
3 |Source (1-2013) 2013 31 35 148 698173565
4 | Intron [ 1] (731 - 1314) 584 4 8 38 698173565
5 |3'UTR [ 1] (1866 - 2013 148 1 1 12 698173565
6 |5'UTR [ 1] (664 - 681) 18 1 0 2 698173565
7 |EpiOne Record No :2 |Number Length Gene Element Length CG CHG CHH Capsicum annuum 685192617
8 |Whole Sequence (1-784) 784 23 24 71 685192617
9 Source (1-784) 784 23 24 71 685192617
10 3'UTR [ 1] (616 - 784) 169 4 3 10 685192617
11 |EpiOne Record No : 3 [Number Length Gene Element Length CcG CHG CHH Capsicum annuum 641483948
12 'Whole Sequence (1-2318) 2318 49 74 211 641483948
13 |Source (1-2318) 2318 49 74 211 641483948
14 |3'UTR [ 1] (2225 - 2318 94 0 0 8 641483948
15 |5'UTR [ 1] (1-70) 70 0 0 13 541483948
16 EpiOne Record No : 4 |Number Length Gene Element Length CG CHG CHH Capsicum annuum 355469464
17 'Whole Sequence (1-1289) 1289 22 51 110 355469464
18 Source (1-1289) 1289 22 51 110 355469464

19 3'UTR [ 1] (1114 - 1289 176 2 3 15 355469464 |

TR Islets_Report /5 0! I ] B

Figure 4. Islets report output file of EpiOne software

As for all the software tools, EpiOne has some limitations. Although there is no limit for numbers of DNA
sequences in input files, the lenght of a sequence is 1000000 nucleotides. Fortunatelly the lenghts of many know
genes are quite below of this limit [30]. In order to use computer resources more efficiently we introduced
several limitations on the number of intron, exon, UTR and regulator regions. For instance a gene can contain
upto 10000 introns or exons. The upper limit for UTRs or regulatos per gene is 1000. EpiOne can identify upto
40000 CpG, CpHpG or CpHpH, that means a sequence may contain upto 120000 cytosine methylation marks.
In order to smooth analysis of EpiOne softwaer we recommend the use of a computer with adequate main and
secondary memory.

Discussion

In order to validate EpiOne software in determining the distribution and frequency of potential DNA epigenetic
marks, various promoters and gene bodies among different organisms consisting of mammals and plants were
studied. Also whole mitochondrial and chloroplast genomes were also studied. Completion of the analyses was
depended on the type of the analyses and the amount of data. Based on the x? analysis [31] densities of potential
DNA cytosine methylation marks CG, CHG and CHH were statistically different between promoters and gene
bodies regardless of the organisms. The frequencies of CG among three sequence contexts (CpG, CpHpG, and
CpHpH) were not well correlated with the length of genomic DNA sequence. On the other hand, there were
moderate level simple positive correlation between the number of CpHpH and the genomic DNA lengths.
Analyses indicated that frequencies of three sequence contexts (CpG, CpHpG, and CpHpH) were statistically
different within the gene bodies. For instance introns and 3’-UTR sequences contained similar CoHpH densities
while densities of CpG statistically differed. These findings were supported with previous results in which
hypomethylation was often associated with gene activation and hypermethylation was associated with gene
repression [9]. The relationship between transcription level and gene body methylation level is currently not
well understood. Therefore the use of EpiOne could provide some data to study the effect of gene body DNA
methylation on transcriptional regulation.

Bisulfite sequencing is the gold traditional method for the detection of DNA methylation. High-throughput
techniques still relies on traditional bisulfite sequencing, therefore, tools like EpiOne are still essential for the
study of DNA cytosine methylation. In bisulfite sequencing methods and many other methods such as Southern
blot detection of genomic regions from DNA material digested with restriction enzymes, methylation-specific
PCR (MSP), methyl light or quantitative analysis of methylated alleles, methylation-sensitive single-stranded
conformational polymorphism and bisulfite restriction analysis, require primers and amplification of the target
regions for successful analysis [16,19,32,33]. Targets containing CpG, CpHpG or CpHpH and primer pairs
flanking the targets could be selected using EpiOne software.
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CG islands (CGIs) are stretches of DNA in which there is a higher than normal concentration of guanine and
cytosine. Up to date multiple algorithms have been developed for identification of CG islands (CGls). Detection
of CGls in genomic DNA sequences could be categorized into two groups: one is called the traditional
algorithms based on three sequence parameters (length, GC content, and ratio of the observed over the expected
CpG and the other algorithms based on statistical property in a sequence without imposing the three criteria in
the traditional algorithms [34]. The EpiOne's algorithms could be used to determine CGls in gene bodies and the
regulatory sequences. This will further help in gathering the information about the distribution and the function
of CGls in organisms. Identification of CGls is an initial step in many studies for identification of methylation
status as well as in the design of methylation identification methods [9,34].

Conclusion

In conclusion algorithms embedded in EpiOne software could be used to study DNA cytosine methylation
distribution among promoters and gene bodies and mine various genomic features, such as gene promoters,
upstream and downstream regions (UTRs), transcription start site (TSS), coding exons or introns, and
transcription termination sites (TTSs) for characterization of the genomic region. EpiOne software would be
useful to investigate relationships between some gene properties such as gene length, exon, intron lengths and
numbers. Promoter and gene body sequences extracted with EpiOne software can be used in development of
molecular markers such as microsatellites, single nucleotide polymorphism, methylation-sensitive single-
stranded conformational polymorphism and sequence tagged sites. We anticipate the use of EpiOne software
will assist researchers to explore biological roles of DNA cytosine methylation in the epigenetic studies and
related fields.
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